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Photoinhibition and photoprotective mechanisms







~~: ~1 ' ( ~;~+*"+) 
~tflL,+' 
""= (lL*'~ L*~}~~~ ~~ t* 
 ~~:f,t/_..t.-~･;~' ~i- ~i~ ~ 
fttX"'~~_~)~~f~ ?: 
 ~~~7t~~･, -~~ I~(/ 
*-~ ?: f)f_ ~F~l '~ T~~"'T~"~ H 
~. 
)~:~~ n~B ~l_ h~!/_): _~l. 
~> ~ ) ~ ~ I~~ ~* 
~ rTu ~ j~~~J~~~'~~;,;~ l~C QH~ ( tj"~ i ~~~. ) . .. 
t*~~ [L (~~ ~i'=') ~' 
~~~t+~i^j~5* 1 9 6 8~S-
l~: f~: 14 ~f_ 3 ~ _25 ~ 
~:(~t~~IJ'~~+. 4 ~l~~~~;i~*~~ I I_~~~i~ 
~:~Lj~~'-',-,.)(?F+'~t~~~~:~~'~7~~~ (t+~~i~~.~~E") i~~' i~:_~~l~(/ 
Photoinhibition and photoprotective mechanisms in leaves acclimated to 
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Photoinactivation and recovery of photosystem 11 in Chenopodium a]bum 
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Althou*"_h li*"_ht is the energy source for plant _**rowth, excess light damages photosystem 11 (PSH), which is 
manifested as photoinhibition (Powles 1984). The susceptibility to photoinhibition differs with the irradiance at 
which plants are grown: high-light-grown plants are more tolerant to photoinhibition than low-hght-grown plants 
(Anderson and Osmond 198 /~, Chow 1994, Demmig-Adams and Adams 1992, Lon_~* et al. 1994, Osmond 1994). 
Since the major sink for absorbed energy is photosynthetic carbon assimi]ation, a higher photosynthetic capacity is 
believed to contribute to lowering the susceptibihty to photoinhibition (Powles 1984). Other mechanisms are also 
sug~ested to contribute to the different levels of susceptibility: heat dissipation via the xanthophyll cycle (Demmig-
Adams and Adams 1992, Gilmore 1997), photorespiration (Powles and Osmond 1979), consumption of reducing 
powe.r via the water-water cycle (Osmond and Grace 1995, Asada 1999), and fast recovery of photoinactivated PSII 
(Prasrl et a.1. 1992, Aro et a.1, 1993b). Despite these studies, the relative contribution of these mechanisms is not 
well understood. This is mainly because most of these authors focussed on a sin_~le mechanism. A relationship 
between the capacity of avoidin*"* photoinhibition and a single photoprotective mechanism does not necessarily 
sug~est that this mechanism is the ma.jor factor responsible for the avoidance. Different experimental treatments of 
leaves may also confuse interpretation of photoinhibition. 
Plants are distributed in a wide range of habitats from extremely shaded to fully exposed sites, but the range of 
one species is' Iimited and differs among spec;es. Susceptibility to photoinhibition may expiain the difference in 
habitats of each species. Shade species are more prone to photoinhibition than sun species (Bjbrkman 1981, Powles 
1984. Anderson and Osmond 1987) and restrict their distribution to iess exposed habitats. The higher susceptibility 
of shade species to photoinhibition is generally attributed to their inherently lower capacity of photosynthesis 
(reviewed in Bjdrkman 1981, Powles 1984). Recent studies have demonstrated that several mechanisms are 
involved in the susceptibilities to photoinhibition. Despite of these stud{es, the importance of these mechanisms in 
actual leaves is stiil not clear. because most of these authors have studied each photoprotective mechanism, 
se paratel y. 
In the present thesis'. I investigated the difference in photoinhibition and photoprotective mechanisms in 
Ch(~nopodium a]bum grown under different combinations of irradiance and nitro*~*en availability. In addition. I 
conducted a comparative study with a shade species (Mitella paucit70ra Rosend) and sun species (C. album) both 






































Chapter I: Leaf discs are different from intact leaves in light ener_~*y partitioning amon_~* photoprotective mechanisms 
Photoinhibition has been often evaluated with leaf discs iYoated on water or placed on wet papers to prevent 
desiccation. Under these conditions, there is a possibi]ity that CO~ d{ffusion is blocked by water, which may lead to 
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reduction in photosynthetic C02 assimilation. Using Chenopodiun] albuln grown at two irradiances, photosynthesis, 
quantum yield of photosystem 11 ( Il F~~;., '), non-photochemical quenching (qN), and photoinhibition were compared 
between detached leaves and leaf discs. In low-light-grown plants, photoinhibition was greater in leaf discs than in 
detached leaves, while in high-light-grown plants, there was httle difference. Leaf discs showed lo¥ver rates of 
photosynthesis and il F~F;~ ', and higher qN. The A F~;m ' in leaf discs increased when leaf discs were exposed to 
high concentration of CO~, sug~esting that C02 diffusion to chloroplasts was limited in ieaf discs floated on water. 
Chapter II: Photoinactivation and recovery of photosystem 11 In Chenopodfun] album ieaves grown at different levels 
of irradiance and nitrogen availability 
Involvement of photosynthetic capacity and Dl protein turnover in the susceptibility of photosystem H (PSH) to 
photoinhibition was investigated in leaves of C. album grown at different combinations of irradiance and nitrogen 
availability: Iow-Iight and high-nitrogen (LL-HN), high-light and low-nitrogen (HL-LN) and hi_a*h-light and high-
nitrogen (HL-HN). To test the importance of photosynthetic capacity in the susceptibility to p}~otoinhibition, I 
adjusted growth conditions so that HL-HN plants had the highest photosynthetic capacity, while that of LL-HN and 
HL-LN plants was lower but similar to each other. Photoinhibition refers here to net inactivation of PSH that was 
determined by the balance between gross inactivation (photoinactivation) and concurrent recovery of PSH via Dl 
protein turnover. The leaves were illuminated both in the absence and presence of lincomycin, an inhibitor of 
chloroplast-encoded protein synthesis. The susceptibility to photoinhibition was much higher in plants _'_rown in 
low-light (LL-HN) than in those grown in high-light (HL-HN and HL-LN). Susceptibility to photoinhibition was 
similar in HL-LN and HL-HN plants, suggesting that higher photosynthetic energ)' consumption alone did not 
mitigate photoinhibition. Experiments with and without linccnrlycin showed that high-light grown plants had a 
lower rate of photoinactivation and a hi_o_her rate of concurrent recovery, and that these rates were not influenced by 
the nitrogen availability. These results indicate that tumover of Dl protein plays a crucial role in photoprotection in 
high-light-grown plants irrespective of nitrogen availabiiity. For low-nitro*'*en grown plants, higher light energy 
dissipation by other mechanisms may compensate for lower energy utilization by photosynthesis. 
Chapter IH: Excess light energy causes photoinactivation: Partitionin_~* of photons absorbed by photosystsem 11 in 
Chenopodium album leaves grown at different levels of irradiance and nitrogen availabiiity 
I investigated involvements of the electron transport and heat dissipation via the xanthophyil cycle in avoiding 
photoinhibitory damage of photosystem 11 (photoinactivation) in leaves of C. album grown at different combinations 
of irradiance and nitrogen availability: hi_*"h-light and high-nitrogen (HL-HN), high-light and low-nitrogen (HL-LN). 
and iow-ii_~ht and high-nitrogen (LN-HN). Photosynthetic capacities were similar in HL-LN and LL-HN piants, but 
they were iower than those in HL-HN plants. The susceptibilhy to photoinactivation was higher in low-light grown 
plants (LL-HN) than that in high-light grown plants (HL-LN and HL-HN). Like the photosynthetic capacity, the 
maximum electron transport rate was highest in HL-HN plants, while it was low but similar in LL-HN and HL-LN 
plants. HL-LN plants showed a highest level of non-photochemical quenching as well as highest degrees of 
conversion state of xanthophyll cycle. It is concluded that higher energy dissipation via the xanthophy[1 cycle in 
HL-LN plants compensates for lower energy utilization by photosynthesis. I defined the excess light energy as 
absorbed light not goin_~: into electron transport nor heat dissipation, and examined the relationship between the 
excess light energy and the rate constant of photoinactivation (kp,). There was an exceilent linear relationship 
between the excess light energy and kpi irrespective of growth conditions, indicating that the susceptibility to 
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 photoinactivatiolldependsonthecapacityofdect!閣011transportandheatdlssipat量onviathexantねophyllcycle、
ChapterIV:Differenceslnphotoinhibitlonandphotoprotectlvemechanismsbetweensunandshadespecies
 Photoinhibi重ionandphotoprotectionofashadespeciesM/re〃aρaロcf刀α1aRosendwerestudied.M、ρaucff70ra
 hadhighertolerancetophotoinhibitionthanC.albロη1whentheyweregrownunderthesamelow-11ghtconditions.
 ComparedtoC、albロm,M,ρaロcf〃orahad(i)lowerrateofphotosynthesis,(ii)iowerrateofelectrontransport,(iii)
highercapacityofheatdissipation,(lv)lowerrateofphotoinactlvation,and(v)higherrateofrecoveryfrom
photolnactlvation.1nplantsgrowingunderthesamelow-1ightcondltions,therewasnodifferencelntheexcess
 lightenergy.Thisresultindicates童hatM、ρaロ。ノ∫70凋hadlowervulnerabilityofPSIItoexcesslightenergythanC
 a1台目η1.
GeneralDiscussion
 InC.a1わロmgrowingunderdifferentcombinationsoflrradiallceandnltrogenavailabi}ity,tわesusceptib11ityto
 photoinhibitionwasexplalnedbyacomblnationofsever段lfactors.}iL-HNplantshadthehighesttoleranceto
 photoinhibltionduetothehゆestphotosyntbetlcc&pacityandfasけecoveryofphotoinactivatedPSII(GlapterII).
 HL-LNplantscompensatedforlowphotosyntheticcapacltybytheirhigわabilltyofheatdissipationattheexpenseof
 由equantumyieldatlowlight(ChapterIII)、LL-HNplamshadalowphotosyntheticcapacity(ChapterH),Iowheat
 dissipation(Chapterm),andslowrecoveryofinactivatedPSII(ChapterI互);alloftheseledtothelowtoleranceto
 photoinhibitlon.Photoinhib量tionandphotoprotectlvemechanismsdifferedbetweenspecies,evenwhentheywere
 grownunderthesamecondltions.M.ρaロcf∫70rawasmoretoleranttophotoinhlbitlonthanC、albロm(ChaptedV)、
 Suchhlg熱ertoleranceinMρaロof∫ヲ01ヨresultedfromhigherheatdissipa廿on,fastrecoveryofphoto量nactivatedPSII,
andlowervulnerabiiityofPSIitoexcesslightenergy.Theimportanceofeachphotoprotectlvemechanismfor
 avoidingphotoinhlbitionwasdifferelltamongspeciesaswellasamongdifferentgrowthconditions、Therefore,
 measurementsofoneofphotoprotectivemecわanismsarenotsufficientforassessingthemechanlsmforavoiding
photo1nllibition.
Undernaturalenvlronments,plantsexperiencevariousstressesfluctuatingintimeandspace,andthesestresses
canllmittheabilityofsomephotoprotectivemechanisms.Whensomephotoprotectivemechanismsdonotwork,
 plalltswoulddevelopotherphotoprotectivemechanismstosurviveinastressfulenvironment、Plantsmusthave
developedseveralphotoprotectivemechanlsmstocopewiththechanglngstressfullenvlronments.
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 論文審査の結果の要旨
 光合成は光をエネルギー源とするが,過剰な光は光合成系に傷害を与え,光合成能力を低下させる。
 これを光阻害という。光阻害の起こりにくさは生育条件や種の異なる葉で大きく異なる。強光生育は弱
 光生育より,陽生植物は陰生植物よりも強光耐'性が高いことが知られている。これまでに複数の光阻害
 回避機構の存在が示され,これらの機構の能力変化が強光耐性の違いに影響していることが指摘されて
 きた。しかし,各機構が別々に研究されていることから,そのうち何が重要なのか定量的には分かって
 いない。そこで,本研究はこれらすべての光阻害回避機構の能力を測り,生育条件や種の違いで強光耐
 性が異なる仕組みを明らかにすることを目的とした。まず無傷の葉と光合成特性がほぼ等しい切り葉の
 実験系を確立し,実際の葉に近い条件で各光阻害回避機構の能力を評価できるようにした。次に強光・
 富栄養,強光・貧栄養,弱光・富栄養の3条件で生育した一年生草本のシロザを材料に,生育条件で強光
 耐性が異なる仕組みを解析した。富栄養で生育させた場合,弱光生育より強光生育の方が強光耐性は高
 くなった。これは強光生育で光合成能力と修復機構の能力が高いためであった。一方,同じ強光条件で
 育てた場合,栄養条件によらず強光耐性は同等だった。これは貧栄養が,高い熱放散機構の能力で低い
 光合成能力を補っているためであった。さらに,陰生植物のコチャルメルソウにおいて,陽生植物のシ
 ロザと同じ実験をし,比較することで種間で強光耐性が異なる仕組みを解析した。弱光・富栄養で生育
 させた場合,コチャルメルソウは,傷害への低い感受性と高い修復能力のために,シロザよりも強光耐'
 性が高かった。本研究から,強光耐性の違いは複数の光阻害回避機構のバランスで決まっており,これ
 まで行われてきたような,一つの機構の能力変化だけに着目した研究では,強光耐'性が異なる仕組みは
 明らかにできないことが示された。これらの研究は著者が自立して研究活動を行うに必要な高度の研究
 能力と学識を有することを示している。したがって,加藤真晴提出の博士論文は,博士(理学)の学位
 論文として合格と認める。
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